Abstract-Integrated photovoltaic energy harvesting from indoor lighting is appropriate for ultra-low duty cycle applications. Indoor illumination may flicker due to AC mains rectification or pulse-width-modulated dimming, causing ripple on the output voltage. Switched-capacitor DC/DC conversion can increase harvester output voltage and reduce this ripple. We present a switched-capacitor boost converter design, a model that matches measured output voltage within 10% for 500 Hz to 5 MHz switching frequencies, and compare the converter to a series photodiode configuration. The distortion caused by supply ripple on a passive filter delta-sigma modulator is modeled and verified with measurements from a 180nm test chip.
I. INTRODUCTION
Wireless and implantable sensors that harvest energy from indoor ambient lighting using discrete solar cells [1] and integrated photodiodes [2] , [3] have been proposed. Some systems [3] simply use the photodiode output voltage as the supply rail while others use a switched-capacitor boost converter (SCBC) to regulate the photodiode output [4] .
Consider an integrated temperature sensor that harvests indoor ambient lighting for power. Assuming constant illumination and no energy storage/regulation circuits, the required photodiode area is determined by the peak load power and the minimum supply voltage. In such a configuration a flickering light source, e.g. an LED light fixture with pulsewidth modulated (PWM) for dimming control [5] , causes the photodiode output to become modulated, which translates directly into supply voltage ripple. If multiple photodiodes (PD) are configured to meet the system requirements, and assuming a bypass capacitor C b is used to smooth the output, the ripple V r = V max − V min can be derived as
, where D and T f are the flicker duty cycle and period respectively, V P D = V max is the PD output voltage under constant illumination, and assuming the PD output resistance R P D dominates the load resistance R L . For 50% duty cycle, flicker frequency of 120 Hz, and R P D = 700 kΩ, C b needs to be 56.5 nF to limit supply ripple to 10% of V P D , requiring an off-chip capacitance that increases system cost and volume.
Trade-offs between supply voltage ripple, area, and design complexity are inherent in optically powered integrated systems [6] . Stacking photodiodes to increase the supply voltage requires a multi-well process and increases the system's absolute power supply rejection requirement (due to direct coupling of supply ripple). If an integrated SCBC is used to create the supply voltage from a single photodiode, the converter must be carefully designed such that system requirements are met while operating from a flickering optical source.
In this work, a boost converter model that accounts for various losses while predicting the output voltage is developed. The model performance is verified using simulation and measured results from a 180nm test chip. Additionally, effects of supply ripple on sensitive circuits such as a passive delta-sigma modulator are analyzed and compared to measured results. Understanding the interaction between modulated illumination, switched-capacitor boost conversion, and supply ripple effects on load circuits is critical to minimizing the photodiode bypass capacitance C b , cost, and volume.
The remainder of the paper is organized as follows: Section II discusses the integrated photodiode design and presents the switched-capacitor boost converter circuit design and model. Section III presents the delta-sigma modulator and discusses the effects of supply ripple and technology selection for low leakage. Section IV presents measurement and simulation results and Section V concludes the paper.
II. INTEGRATED PHOTOVOLTAIC POWER SUPPLY
The on-chip energy harvesting power supply consists of an array of integrated photodiodes followed by a switchedcapacitor charge pump voltage converter.
A. Photodiode Design
Two types of integrated solar cells were fabricated. The first photodiodes are fabricated using p-diffusion fingers implanted in n-well [2] , [3] . The second design is shown in Fig. 1 and uses a deep n-well (DNW) to capture incident photons before they are absorbed in the substrate. In this design, the efficiency is expected to decrease due to the increase in the distance between p+ diffusion and n-well, causing more carriers to B. Switched-Capacitor Boost Converter Model Fig. 2 shows a one to four (1:4) SCBC schematic. The circuit operates by first charging flying capacitors C ST in parallel to V in during clock phase φ 2 . During the next clock phase φ 1 , the capacitors are placed in series, with V in at the bottom of the first capacitor to achieve a boosted output of 4V in . However, due to various loss mechanisms that will be discussed and modeled later, the actual output is usually < 4V in . NMOS switches at the top of each flying capacitor increase isolation between the boosted internal nodes and the input terminal when low-swing clocks are used. PMOS switches or full transmission gates may be used in other circumstances. In an optically powered system, the boost converter can be started up inefficiently by first using an inaccurate clock generator such as a free-running ring oscillator powered directly from a single photodiode, then switching to a more precise clock source once the boost converter output reaches steady-state. The SCBC can be modeled using an ideal transformer and an output impedance R o (f sw ) dependant on switching frequency f sw , as shown in Fig. 3 [7] . R o (f sw ) models losses at the slow switching limit (R SSL ) and fast switching limit (R F SL ) using Equations 2 and 3 [8] .
R SSL is the loss due to flying capacitor C i = C ST charging and discharging and R F SL is the loss due to the finite onresistance of the switches R i . a c,i and a r,i are charge multiplier vectors that represent the charge flow through each flying capacitor in R SSL , and switches in R F SL , respectively [8] . The transition from the slow to fast switching limit occurs when the settling time of the flying capacitors becomes comparable to the switching period. The total R o can be estimated by adding
. Previous work [7] mentions, but does not model the the bottom plate parasitic capacitance C p of the flying capacitors, and does not provide a method to directly compute the converter output voltage. Furthermore, the simple model cannot be applied to converters with boost ratio greater than 2 due to the different loss magnitudes at each cascaded stage. A distributed cascaded model shown in Fig. 4 correctly accounts for the shunt losses due to C p at each stage and allows the output voltage to be easily calculated. The model has N − 1 stages for an 1:N boost converter and the shunt loss at each stage is modeled by R p (k), 1 ≤ k ≤ N − 1. As shown in Fig. 4 , the loss due to the bottom plate parasitic is different for each stage since the voltage across the parasitic capacitance is different at each stage. R 1 is added in the model to account for both the effective switch resistance associated with the first stage bottom plate capacitance and the output resistance of the input source V in . R p (k) can be calculated using Equation 4 , where k is the stage number and P C is the dynamic power dissipated in the parasitic capacitances C p :
In the proposed model, the shunt loss due to the bottom plate parasitic capacitance C p , and series loss of flying capacitors and switch resistances are the only losses considered. Loss mechanisms at even higher frequencies (where C p is effectively a short) are not modeled here.
III. DELTA-SIGMA MODULATOR
A low voltage and ultra-low power delta-sigma modulator (DSM) can be implemented by replacing the active integrator with a passive switched-capacitor low pass filter (LPF) [9] , [10] as shown in Fig. 5 . The comparator does not utilize a pre-amplifier and is a purely dynamic circuit, therefore it does not reject power supply noise in the conventional sense. The only static current in the DSM is due to leakage. The sampling frequency of the integrator can be adjusted to scale the dynamic power consumption, enabling a power-resolution tradeoff. A DSM-based ADC was selected here instead of a successive approximation register (SAR) ADC since the DSM does not require a capacitive DAC, resulting in a small layout area, which frees more area for implementing energy harvesting photodiodes. 
A. Ripple Analysis
Flourescent lighting may suffer from flicker due to rectifying the AC power line input voltage. This flicker is converted by integrated photodiodes into power supply ripple at 120 Hz.
Supply ripple degrades the signal to noise and distortion ratio (SNDR) by introducing in-band distortion through three mechanisms. First, because the switched-capacitor LPF clocks are rail-to-rail digital signals, their amplitude is modulated at the supply ripple frequency. Consequently the LPF acts as a passive mixer between the input and the power supply and the effective conversion gain G is 2/π [11] for clocks with 50% duty cycle. The gain rolls off with increasing clock frequency. Equation 5 shows the conversion gain as a function of duty cycle, D, and harmonic order, n, for odd n.
The distortion due to the passive mixer action primarily results from three sources: the ripple itself, intermodulation (IM) between the ripple and the input signal, and IM between the frequency components within the ripple. Assuming the ripple resembles a square wave, the distortion tones due to the ripple on the supply voltage V DD can be computed using Fourier series,
, where V P P is the peak-to-peak ripple voltage, f s is the DSM clock frequency, f r is the ripple frequency, A k = 4 (2k−1)π , and A j = 4 (2j−1)π . Assuming the DSM input is V in (t) = V CM + A in sin(2πf in t), where V CM is the average (commonmode) input voltage, and the clock signal is V clk (t) as shown in Equation 7 above, the output of the passive LPF will contain IM distortion tones at (2k − 1)f r with amplitude proportional to A k due to mixing between the supply ripple (transferred through the sampling clock) and the average input signal. This distortion depends strongly on the ripple's shape and frequency; the more sinusoidal the ripple, the lower the distortion since higher order harmonics are less significant. Additionally, if the ripple frequency is large enough such that the higher order components fall outside of the bandwidth, SNDR degradation can be minimized.
The second source of distortion is second order IM (IM2) between the ripple and the input. This IM2 distortion occurs due to the switch S1 in Fig. 5 in the LPF that samples the input. The ripple is present at the switch control terminal while the input frequency is present at the switch input terminal. IM2 causes frequency tones at the sum and difference between the signal frequency and each of the frequency components in the supply ripple to appear. In general, the tones are at f in ± (2k − 1)f r . The magnitude of these IM2 tones is proportional to GA in
The third source of distortion is IM2 between the frequency components of the ripple itself. This IM2 is injected into the LPF through the 1 bit feedback DAC. The DAC output is added into the LPF through sampling switch S2 in Fig. 5 . Here, the ripple is once again present at the switch control terminal, but the switch input terminal is now connected to the supply voltage, which contains the same ripple. Let f 1 = f r , f 2 = 3f r , f 3 = 5f r , ... and f k = (2k − 1)f r , the IM2 tones appear at f 2 ± f 1 , f 3 ± f 2 , ... and f k ± f k−1 , where k = 2, 3, .... Since all distortion tones are proportional to V P P in amplitude, minimizing ripple to maintain adequate SNDR is critically important.
B. Technology Selection
The 180nm technology is suitable for optical energy harvesting systems due to its low leakage characteristics. Leakage current is not only important in large digital circuits, but also in ultra-low duty cycle, data-rate, and low voltage/power applications; leakage causes state information stored as charge to leak away during the long idle time, introducing errors into the system. Switched-capacitor circuits that operate on charge sharing principles are especially sensitive to leakage. High leakage technology results in leaky capacitors and low offresistance of MOS transistors, resulting in poor analog switch isolation and charge retention.
For a sample and hold circuit that consists of a MOS switch connected to a capacitor C and assuming the average (common-mode) input is V CM , the voltage during the hold mode is V hold = V CM e ( −T S 2R of f C ), where R of f is the off resistance of the switch and T S 2 is the hold duration. We define the error due to leakage as lk =
If we further define an off-to-on resistance ratio K = R of f Ron , let K = 10000 for 180nm technology, K = 1000 for 90nm technology, T S = 20µs (50 kHz sampling rate), R on = 5kΩ, and C = 10 pF, the average voltage across C suffers from 1.9% droop at 180nm and 18% droop at 90nm due to leakage. The drooping due to leakage becomes important in circuits operating from low supply voltages and at low sampling rates, such as the passive filter-based DSM in this work. The technology appropriate for ultra-low duty cycle applications must have low leakage characteristics to minimize error.
IV. RESULTS
A test chip, shown in Fig. 6 , containing the photodiodes, boost converter, and the delta-sigma modulator was fabricated in 180nm CMOS to prototype the system and to verify the boost converter model. A stack of three integrated DNW photodiodes without explicit bypass capacitance produces output voltages as shown in Fig. 7 , when illuminated with white LED light flickering completely on and off at 120 Hz with 20% and 50% duty cycles, corresponding to measured ripple of 1.19V and 1.15V, respectively. Higher duty cycles reduce ripple since the output voltage has less time to discharge. The output of the photodiode when the LED is turned off is non-zero due to the background room lighting.
To understand how ripple effects the operation of switchedcapacitor boost converter, transistor-level simulations of Fig. 2 across a range of switching frequencies at 50% illumination duty cycle were performed. Two schemes were simulated: 1) complete and 2) partial light flickering, both at 120 Hz and with no photodiode bypass capacitance C b (maximum photodiode output voltage ripple). The assumed maximum illumination for both schemes is the same. The minimum illumination for the partial scheme is higher since the LED is assumed to be partially off. The ratio of ripple to desired output voltage (1.6V) versus switching frequencies is plotted in Fig. 8 . The plot on the left in Fig. 8 was obtained by assuming constant illumination (no flickering). The ripple at low frequencies comes from the periodic charge/discharge of the flying capacitors. As frequency increases, the flying capacitors do not have enough time to completely discharge, resulting in small (< 1%) ripple.
When there is ripple on the input voltage due to light flickering, this ripple is translated to the output and dominates any ripple due to flying capacitor charging/discharging for switching frequency f sw > 1 kHz as seen in the plot on the right in Fig. 8 . When the switching frequency is much greater than the flicker frequency for no C b , the converter output is fully charged and discharged within each flicker cycle due to the large number of switching cycles in each flicker period T f ; consequently the ripple expressed as a percentage of the desired output voltage is 100%. As the flickering amplitude decreases, the curve shifts down at high frequency since the ratio of ripple to desired output voltage decreases. However, below 1 kHz switching frequency, the phase of the switching can affect the output voltage greatly. In Fig. 8 the light flicker and the switching frequency are in phase.
A balance exists between charging the flying capacitors to the boost converter input voltage (the photodiode output voltage) during one clock phase and having the input voltage appear at the bottom plate of the first flying capacitor on the next clock phase. The boost converter output voltage reaches a maximum at f sw = 60 Hz because during both phases φ 2 and φ 1 , the light flickers on and off once. Likewise, there is a minimum at 40 Hz when the boost converter clock and the light flicker are in phase because when the flying capacitors are in parallel, the photodiodes are illuminated twice, and on the next clock phase when capacitors are stacked in series, the photodiodes are only illuminated once and experience no light for twice as long. In general, it is desirable to operate the boost converter at frequencies higher than the flicker frequency when C b is sufficiently large. Operating the boost converter at low frequencies causes extra photogenerated carriers in the photodiode in each flicker cycle to be wasted.
B. Switched-Capacitor Boost Converter
The 1:4 boost converter (labeled in the die photo in Fig. 6 ) was tested using a DC power supply. The calculated, simulated, and measured converter output voltage V out versus switching frequency f sw is plotted in Fig. 9 , for V in =0.3V, N =4, In the test chip, the flying capacitors were built using double polysilicon capacitors. The dominant parasitic capacitance is formed by the bottom polysilicon layer and the substrate. Fabricating the flying capacitors using higher metal layers should reduce the parasitic capacitances. In the model, parasitic capacitances at the source and drain of the transistors implementing the switches were ignored since the transistors are small compared to the flying capacitors.
C. Delta-Sigma Modulator Fig. 10 shows a close-up view of the DSM with various blocks labeled. Fig. 11 shows the measured DSM output spectrum with an input sinusoid applied at 981 Hz and a clean power supply. With the Nyquist rate f N = 4 kHz and a sampling rate of 1.6 MHz, the SNDR is approximately 50 dB, achieving an ENOB of approximately 8 bits at V DD = 1.8V. Fig. 12 shows the measured DSM power consumption with respect to supply voltage and sampling frequency. At 50 kHz sampling rate and 1.6V supply voltage, the modulator achieves sub-microwatt operation. The extrapolated leakage power at 1.8V supply is approximately 1.6 µW. 
D. Supply Ripple Effects
As discussed previously, distortion at the DSM output due to supply ripple is primarily caused by amplitude modulation (AM) of the switched-capacitor filter clock mixing with the input. Figure 13 show the measured DSM output spectrum when experiencing a worst-case square wave supply ripple of 0.8V peak-to-peak (largest amplitude that does not overload the DSM) at 120 Hz on a DC supply V DC of 1.4V, at bands below and above the input tone at 980 Hz, respectively. Distortion tones are labeled in Figure 13 , which shows the lower sideband of the DSM output spectrum.The ripple frequency and its odd harmonics can be clearly seen and are labeled accordingly. Second order intermodulation (IM2) between the input signal and the frequency tones in the ripple itself are labeled as "IM2,±N ", where N is the order of the harmonic of the ripple frequency. The sum-product terms labeled in Fig. 13 are a result from IM2 between the frequency tones within the ripple itself. Note that the distortion can be reduced significantly if the high frequency components in the ripple are attenuated. With increasing supply ripple amplitude, the DSM output SNDR is reduced by almost 16 dB compared to the output without supply ripple. Fig. 14 shows the measured SNDR degradation with ripple amplitude. If 20dB of SNDR is tolerable, the supply ripple can be 21% of V P D , which implies a required bypass capacitance of only C b = 3.86 nF. 
V. CONCLUSION
This paper studied the effects of light flicker on optically powered systems, in particular, effects of flicker on integrated photodiodes, switched-capacitor boost converter, and a passive filter-based DSM. A boost converter circuit model was presented that includes losses due to the flying capacitors and switches, and also to the parasitic capacitance at the bottom plate of the flying capacitors. The proposed boost converter model was validated using simulations and measurements on a 180nm CMOS test chip, confirming that the model predicts the measured output voltage to within 10% over practical switching frequencies. The effect of light flicker-induced supply ripple on the DSM output through amplitude modulation of clocks is also investigated using the test chip. The models and analysis presented in this work can be used to select the minimum bypass capacitance that satisfies load requirements, leading to cheaper and smaller wireless sensors.
